We designed a hands-on laboratory exercise to demonstrate why injecting an aqueous polymer solution into an oil reservoir (commonly known as "polymer flooding") enhances oil production. Students are split into three groups of two to three. Each group is assigned to a packed Hele-Shaw cell pre-saturated with oil, our laboratory model of an oil reservoir, and is given an aqueous solution of known polymer concentration to inject into the model reservoir to "push" the oil out. At selected intervals, students record the oil produced, take photos of the cell using their smartphones, and demarcate the invading polymer front on an acetate sheet. There is ample time for students to observe the experiments of other groups and compare the different flow patterns that arise from different polymer concentrations. Students share their results with other groups at the end of the session, which require effective data presentation and communication. Both the in-session tasks and data sharing require team work. While this experiment was designed for a course on Enhanced Oil Recovery for final year undergraduate and MSc students in petroleum engineering, it can be readily adapted to courses on groundwater hydrology or subsurface transport by selecting different test fluids.
Introduction
Laboratory activities are challenging to incorporate into taught petroleum engineering programmes for several reasons. To minimize risk, it is desirable for test fluids to be non-toxic-yet chemicals relevant to petroleum engineering applications (e.g., crude oil and drilling fluids) are generally hazardous and challenging to source. To provide hands-on experience to each student and at the same time accommodate competing demands for laboratory space, class sizes of up to 100 students, and the course syllabus, multiple setups are needed-yet off-the-shelf equipment are expensive, which restricts the number of setups that can be purchased, and are often difficult to modify. Sample holders in off-the-shelf equipment are often made of opaque materials which precludes direct, real-time observation. Finally, the maximum period that a lab session can last is 4 h, and so all in-class activities must be comfortably completed within that period.
There are simple, well-established experiments to characterize interfacial properties that control the flow of multiphase (i.e., crude oil/water or oil/water/gas) flow through oil and gas reservoirs, e.g., the sessile drop method for contact angle measurements to characterize wettability of various surfaces [1] [2] [3] [4] and the du Nouy ring method for interfacial tension measurement [5] . Laboratory experiments have also been designed to explore the impact of chemical agents on the partitioning of crude oil components into water [6] . However, there is a lack of published works that describe laboratory experiments that demonstrate the impact of these interfacial or chemical properties on flow and transport in the subsurface that are suitable for student involvement.
We designed a hands-on laboratory exercise for postgraduate and upper division undergraduate engineering students to demonstrate why injecting an aqueous polymer solution into an oil reservoir (commonly known as "polymer flooding") enhances oil production that overcomes the aforementioned challenges. The aim of the exercise is to assess the effectiveness of polymer in enhancing oil recovery from a model oil reservoir. This aim is achieved by realising the following objectives:
1.
measurement of cumulative oil produced as a function of time; 2.
measurement of the areal footprint of the invading fluid as a function of time; and 3.
comparison of oil produced and the areal extent for two polymer solutions of different concentration and water.
Roughly 25 staff-hours were required for the selection of the phenomenon to explore (viscous fingering) and the broad design of the laboratory exercise and apparatus. An additional 30 staff-hours were invested in the initial testing and trouble-shooting of the experimental setup, the selection of the appropriate test conditions, and the training of the first set of demonstrators (teaching assistants).
Background
The invasion of a fluid into a 2D or 3D porous medium saturated with a second fluid with which it is immiscible displays one of three regimes depending on the capillary number, Ca, and the mobility ratio, M [7] [8] [9] [10] , where
σ is the interfacial tension, θ is the contact angle, µ d and µ i are the dynamic viscosities of the defending and injected fluids, and U i = Q i /A is the volumetric flow rate of injection, Q i , per unit bulk cross-sectional area, A. At small M, the invading fluid propagates through the porous medium as thin, unidirectional fingers; this phenomenon is known as viscous fingering. At sufficiently large M, the invading fluid forms a smooth, compact front if the Ca is sufficiently large ("stable displacement"). If the Ca is small, the invading fluid propagates as thick fingers that follow a tortuous path through the porous medium ("capillary fingering"). The exact (Ca, M) at which the flow transitions from one regime to the other is difficult to predict, as it is a function of many factors, including the pore geometry [11] and hydrophilicity [12, 13] of the porous medium. Notwithstanding this, regime boundaries proposed [8] for staggered cylinder arrays are presented in Figure 1 as a guide. σ and θ are not known for the test fluids in the present experiments and, accordingly, the exact Ca and M cannot be determined. Furthermore, the inlet and outlet in the present experiments are diagonally across a square cell, representing a quarter of a five-spot well pattern [14] and, consequently, Ca decreases (A increases) and then increases (A decreases) as the invading fluid propagates across the cell [Equation (1)]. Notwithstanding this, based on properties reported in the literature for similar fluids and conditions, the three experimental conditions considered in the present laboratory activity are anticipated to span roughly three orders of magnitude in M and four orders of magnitude in Ca (Figure 1, circles) . Indeed, stable displacement is observed at the largest polymer concentration while a non-uniform front is consistently observed for the base case in which no polymer is added. Figure 1 . M-Ca regime map. The three markers depict (Ca, M) of the three aqueous solutions considered in each laboratory session, evaluated at maximum A (= 75 π mm × 8.9 mm). Vertical bars depict Ca evaluated at a smaller A (= 25 π mm × 8.9 mm). Dotted lines demarcate regime boundaries for primary drainage in a uniform cylinder array proposed by Zhang et al. [8] . Ca for the present experiments were evaluated by approximating σ of C = 0, 0.2, and 0.05 wt.% xanthan test solutions with σ (= 52.3 mN/m) measured for decane/water [15] , σ (= 31.66 mN/m) for decane/0.2 wt.% xanthan [16] , and their average, respectively. Similarly, θ for C = 0, 0.2, and 0.05 wt.% xanthan test solutions with the vegetable oil were approximated, respectively, with θ measured [16] on a silica substrate submerged in decane: θ = 95.7 • for decane/deionised water/silica, 94.3 • for decane/0.2 wt.% xanthan/silica, and their average.
Experimental Methods
This laboratory activity was introduced in spring 2016 to the course Enhanced Oil Recovery offered to MSc (postgraduate) students in petroleum engineering and final year MEng (undergraduate) students in petroleum engineering at University of Aberdeen. Since then, 30 laboratory sessions have been offered to more than 250 students. In each session, students were split into three groups of two to four (the optimal number of students per setup is two or three). Each group was assigned to a packed Hele-Shaw cell pre-saturated with oil, and is given an aqueous solution with known concentration of a polymer (xanthan) to inject into the Hele-Shaw cell. At selected intervals, students record the volume of oil produced in a measuring cylinder, take photos of the cell using their smartphones, and demarcate the invading polymer front on an acetate sheet. Three experiments were run in parallel to allow real-time visualization and comparison of three different polymer concentrations.
Below, we describe the preparation required prior to each laboratory session and the in-session activities undertaken by students.
Hele-Shaw Cell and Fluid Preparation
Prior to each laboratory session, three 150 mm × 150 mm polycarbonate Hele-Shaw cells, fabricated in-house, were uniformly packed with 2 mm glass beads; CAD drawings of the cell (File S1) and step-by-step instructions (File S2) are provided as Supplementary Materials. Then, the day before each session, the packed cells were slowly filled with vegetable oil from one corner so that it was 100% saturated with oil ( Figure S4 , File S2). The preparation was delayed to the day before so as to minimize the duration that the glass beads and the rubber sleeves were exposed to oil, as we observed some evidence of degradation. The pore volume (pv) of the packed bed was taken to be the volume of oil required to fill the packed bed; this information is provided to the students at the session. From the mass of the beads and the pore volume, the porosity is estimated to be around φ ≈ 35%. The permeability is then predicted to be approximately k = d 2 p φ 3 /(1 − φ) 2 /150 ≈ 0.003 mm 2 [17] .
The three polymer solutions were aqueous xanthan of concentrations C = 0 (i.e., pure water), 0.05, and 0.2 wt.%. From 150 to 250 mL of each solution was prepared by demonstrators before the start of each laboratory session. Students were informed in advance of the session that the viscosities of C = 0.05 wt.% and 0.2 wt.% xanthan are µ i = 300 mPa s and 2260 mPa s, respectively [18] ; this information was needed for the pre-lab exercise which is to calculate M for the three C (instruction sheet, File S3).
Student Laboratory Work
The laboratory sessions were 4 h long and comprised four stages:
The lecturer (course instructor) gave a 5 min overview of the tasks to be completed and divided the students into groups of two to four. Each group was given an aqueous xanthan solution of known C, a Hele-Shaw cell saturated with oil, and the pore volume of the packed bed.
2.
A demonstrator set a syringe pump to inject the polymer from one corner of the cell at U i = 1.5 mL/min. Students measured cumulative volume of fluids produced using a measuring cylinder, took still photos of the cell in plan view using their smartphones, and traced the outline of the invading polymer front onto an acetate sheet at selected intervals of their choice. Injection was stopped after 1.5 pv.
3.
In between the measurements, students walked to other stations to observe first-hand and in real-time the contrasting invasion pattern at different C. At the same time, students placed their acetate sheet over a sheet of graph paper and manually counted the horizontal footprint of the invading fluid. Students transcribed their measurements into Excel, and calculated areal sweep and cumulative oil recovery.
4.
Students were instructed to e-mail the instructor one Excel file with tables of the measured cumulative oil recovery and areal sweep, and a scanned copy of the acetate on which they drew the outlines of the polymer front before the end of the session. The instructor shared these files with the other groups.
Hazards and Disposal
All chemicals used in the test cases are food grade, but students are required to wear a lab coat and nitrile gloves to avoid their clothing and hands becoming stained by food dye. Standard precautions should be observed and good laboratory practices should be adhered to. Protective eyewear should be worn at all times. The beads are a slip hazard if they spill on the floor when the cell is dismantled for cleaning.
The effluent from each experiment is a two-phase mixture of aqueous solution of food-grade xanthan dyed with food dye and vegetable oil. The two phases remain separated in the measuring cylinder by gravity throughout the experiment (e.g., Figure 2 ). At the end of each experiment, the oil is collected for reuse in subsequent experiments. Aqueous solution that is free of oil is carefully collected from the bottom of the measuring cylinder and disposed of down the drain after dilution with tap water. The remaining mixture is disposed of as hazardous chemical waste. 
Results
Figures 3-5 present results from trial runs using C = 0 and 0.2 wt.% aqueous xanthan; sample Excel spreadsheets that students submit in groups can be found in the Supplementary Materials (File S4). (The 0 wt.% experiment was truncated prematurely; students are instructed to continue the injection for 1.5 pv (see Supplementary Materials) .) The C = 0.2 wt.% flood behaves consistently in all experiments. In contrast, the C = 0 wt.% flood is sensitive to inhomogeneities in the packing, and the footprint of the injected solution varies from experiment to experiment: in some experiments the solution percolates diagonally across the cell, while in other experiments it approaches the outlet along the side walls (e.g., Figure 3 , inset). 
Learning Outcomes and Their Assessment
The intended learning outcomes for the entire sequence of activities are:
• Improve understanding of, through direct observation, the phenomenon of viscous fingering that arises when less viscous fluid invades viscous fluid.
•
Gain familiarity with Hele-Shaw cells, a standard laboratory apparatus in fluid mechanics.
• Directly observe improvements in sweep efficiency from the addition of polymer to the flood water.
• Use published viscosity data to estimate M.
Understand the scientific basis for normalizing time and volume.
• Gain familiarity with the practice of examining measurements as they are collected.
• Gain familiarity with sources of experimental error, e.g., parallax error in reading the measuring cylinder.
• Share and compare measurements effectively between small groups. • Gain experience explaining trends using fundamental concepts and theory covered in lecture, e.g., mobility ratio.
The achievement of these learning outcomes was evaluated for each student from two pieces of submitted work: (a) the tables of areal sweep and cumulative oil recovery, submitted as a team; and (b) the lab report prepared and submitted individually. The maximum marks that could be awarded to the former and latter were approximately 20% and 80%, respectively, of the total mark.
Students generally perform very well overall, and we are satisfied that both the laboratory activity and the associated pieces of assessment are pedagogically effective. For example, Figure 6 summarizes the performance of 130 students across 17 laboratory sessions on selected components of the marking scheme. Many students correctly estimated the mobility ratio for each polymer solution, with the marking scheme yielding a median score (± standard deviation) of 80 ± 24% (Figure 6a) . Similarly, many students prepared effective tables to disseminate measurements to other groups in their lab session, with a mean score of 81 ± 20% (Figure 6b ). The majority of students correctly and concisely described the dominant trend in the front shape, areal sweep, and oil recovery with respect to polymer concentration ( Figure 6c ) and correctly attributed the trends to differences in mobility ratio (Figure 6d ). 
Limitations of the Experiment
The quality of the experiment is controlled by the quality of the packing of the Hele-Shaw cell. A poorly packed cell allows the injected fluid to push the beads away as it propagates towards the outlet, creating either a gap between the top plate and the beads (e.g., Figure 7 ) or a vertical crack that spans the entire depth of the cell. However, inadequately packed beads move during the oil injection, which takes place the day before the laboratory session, and thus this risk can be mitigated. Indeed, not a single experiment failed in the 30 laboratory sessions we have offered to date such that students were unable to acquire data. Nevertheless, a spare Hele-Shaw cell was prepared as a back up. Should an experiment fail, the spare cell can be saturated with oil in 20 min and the polymer flood restarted with ample time remaining in the 4 h session for the experiment to be completed. Plastic 140 mL syringes used to dispense the polymer solution are not cheap, and the rubber plunger seals distort from repeated exposure to the test fluids such that we have to replace them periodically. This problem can be circumvented by using two smaller (and thus more readily available) syringes simultaneously or by using glass syringes instead.
Conclusions
A laboratory experiment to visualize the impact of polymer concentration on two-phase flow in porous media under conditions relevant to groundwater remediation and oil recovery was designed. The test fluids are non-hazardous and inexpensive. As with many practical works, the activity provides an opportunity for students to gain hands-on experience in the laboratory to observe, in real time, a classic fluid flow phenomenon. Advantages of the described experiment as a vehicle for teaching include:
• The use of "low technology" methods such as measuring cylinders and graph paper promotes physical intuition for areas and volumes.
•
The use of personal smartphones to collect data promotes citizen science.
The test fluids can be purchased from a supermarket, making the exercise readily accessible in schools as well as universities.
• Students gain experience in processing measurements as they are acquired using a laptop.
• By running multiple experiments in parallel, in the same room, students can directly observe the impact of polymer concentration and engage in active discussion which enhances their learning.
• By running them in parallel, the three experiments are comfortably completed in 1.5 h.
• By sharing data with their classmates and having to analyze other students' data, students gain an awareness of how to present data in a way that can be understood by others and the importance of reporting details.
Possible Adaptations
The experiment can be readily extended by connecting pressure transducers at the inlet and outlet. Students can monitor the evolution of the pressure drop across the cell and, e.g., analyze its dependence on the viscosity of the flood water or identify signatures of water breakthrough at the outlet. Alternatively, students can also measure the viscosity and shear stress of their aqueous solution using, e.g., an off-the-shelf rotational viscometer. Aqueous xanthan, widely used in laboratory exercises in drilling, is a shear thinning fluid [19] [20] [21] [22] , and such an exercise would enable students to see first-hand the difference between Newtonian and non-Newtonian rheology.
While the exercise was designed to illustrate concepts relevant to oil recovery, the interfacial chemistry and physics are relevant to other contexts under which immiscible fluids flow through porous media, e.g., remediation of non-aqueous phase liquid (NAPL)-contaminated groundwater aquifers and soils or irrigation. Thus, the experiments can be adapted to suit groundwater hydrology or an environmental fluid mechanics course. To our knowledge, the present paper is the first publicly available document describing a non-hazardous, oil/aqueous phase multiphase flow experiment through porous media under conditions relevant to oil recovery. The use of food-grade polymer, oil, and cleaning agent promotes a safe and environmentally friendly approach to laboratory activities in teaching. Finally, the absence of non-hazardous materials raises the possibility of adapting this exercise for outreach activity. This remains a topic for future effort. Funding: This research received no external funding.
